Research shows that jaw deviations follow lexical and phrasal stress patterns reflecting the rhythmic structure of English (Erickson 2002 (Erickson , 2010 Erickson et al., in press; Menezes 2003; Menezes et al., 2003). Syllable strength thus can be determined by the amount of jaw displacement regardless of the target vowel. This study systematically analyzes jaw displacement based on the intrinsic variations in vowel height. EMA recordings were analyzed of one speaker producing a short phrase wherein 11 English vowels were spoken in a controlled phonetic environment. The phrase used was "Type X first" where, X is a closed monosyllabic word containing the target vowel surrounded by stop consonants. Stop consonants allow the jaw to start from the bite plane and return to the bite plane therefore all deviations of the jaw are attributed to the articulation of the vowel. The target word was produced in phrase initial, middle and final positions. Comparisons were made across vowel height, tongue root advancement and phrase position. Preliminary findings reveal that jaw displacement was significantly different at the level of p=.05 for vowels based on all three parameters: Vowel height, vowel tense/lax and phrasal positioning.
Introduction
Phoneticians studying the rhythmic structure of English started by searching for patterns in durations of syllables in the acoustic signal (Abercrombie 1967; Howell 1988; Dauer 1983 etc.) . These scientists were looking for "isochrony" and they could not find it in the acoustic signal. In 1979 Fowler and her colleagues proposed that isochrony was not manifested in the acoustic signal; however, speakers articulated isochronous units and listeners perceived these regular articulatory events. Tuller and Fowler (1980) studying EMG recordings of the orbicularis oris found that isochronous muscular activity occurred for both isochronous and anisochronous acoustic signals. The only model of speech production that computes the temporal organization of speech using articulatory kinematics was developed by Fujimura (Fujimura, 1986 (Fujimura, , 2000 Fujimura et al., 1973; Fujimura & Erickson, 1996) . The Converter/Distributor model (C/D) computes the syllable duration as syllable magnitude determined directly from the degree of jaw opening in the syllable nucleus.
Within the framework of the C/D model several articulatory studies looked at jaw deviation patterns for different prosodic conditions including emphasis and phrase position and found that the jaw deviated to larger extents when the target syllable was emphasized (Erickson & Fujimura, 1996; Mitchell et al., 2000; Menezes 2004; Erickson et al., 2002 Erickson et al., , 2003 . These studies also reported larger jaw deviations on phrase initial syllables when compared to phrase medial or phrase final positions. Other studies looking at maximum jaw deviations outside the C/D model framework also reported that strong syllables tended to have greater jaw opening, regardless of the quality of the vowel (de Jong et al., Erickson, 2010; Erickson et al. 2012) . Moreover, the amount of jaw opening significantly correlated with the hierarchical levels of sentence stress (Erickson et al., 2012; Menezes 2004) .
While these earlier studies systematically contrasted emphasis condition and phrasing position, all these studies used utterances where the target words always contained the same vowel. It is well-known that vowel quality affects jaw displacement, e.g., low vowels have more jaw opening than high vowels and studies of jaw displacement have to account for these intrinsic effects. To our knowledge, no studies have reported jaw displacement values as a function of vowel quality. To be able to understand how articulatory movements produce the rhythmic structure of natural English utterances the compulsory first step is to normalize jaw movement for the different vowels.
This investigation is a part of a larger study to explore the hypothesis that jaw opening is directly related to syllable prominence, and accordingly to develop a method for neutralizing the effects of vowel quality on jaw displacement (e.g., Williams et al. 2013) . The current study attempts to understand the factors that affect jaw displacement as a function of vowel quality. This preliminary analysis systematically controls vowel height (high, mid, low), vowel effort (tense, lax) and phrase position (initial, medial and final).
Methods

Data Recording
Articulatory movement and acoustic data were recorded simultaneously for one female American English speaker using the 3D EMA (Carstens AG500) at the Japan Advanced Institute for Science and Technology (JAIST). One sensor was placed on the lower medial incisors to track mandibular movement (in this paper the term jaw will be used to refer to the mandible). Four additional sensors (upper incisors, bridge of the nose, left and right mastoid processes) were used as references to adjust for head movement. The articulatory data were sampled at 200 Hz and the acoustic data were sampled at 16 kHz. The occlusal plane was estimated for these subjects using a biteplate with three additional sensors. The articulatory data were rotated to the occlusal plane and corrected for head movement after low-pass filtering at 20 Hz.
Utterances
The paradigm for this study was developed by J.C. Williams as part of the project to determine the vowel normalization algorithm for articulatory analysis. The words come from her catalogue of all possible CVC combinations following the phonotactic structure of English syllables. Eleven English vowels were selected to study the jaw displacement patterns that are intrinsic to vowels. See TABLE 1 for the list of vowels. Not included in this study were diphthongs, rhotic vowels and the unstressed schwa. The eleven vowels include five front vowels and six back vowels; six tense vowels and five lax vowels. Each target vowel was placed in a closed monosyllabic word (CVC) with the onsets and codas comprising voiceless stops. This was done to ensure that the jaw always started and ended at a closed position. The two positions and three voiceless stops gave the possibility of nine combinations. A total of 88 real words were ultimately created. Each word was placed in a short carrier phrases "X type first", "Type "X" first", and "First type X", where "X" was the word containing the target vowel (hereafter referred to as target word). Placing the target in all possible phrase position was done to test the influence of phrasing on vocalic jaw movement patterns. Approximately, a total number of 1584 utterances were recorded. Utterances were read in randomized order maintaining a consistent intonation pattern with the nuclear stress on the initial syllable.
Articulatory Data Analysis
The maximum displacement of the mandible (vertical direction) during the target vowel production was measured using mview (MATLAB program developed at Haskins Laboratory). The lowest vertical position was calculated from the bite plane. This program uses velocity changes in the mandibular movement to determine initiation and termination of gestures relative to the syllable.
Results
In FIGURE 1 where we see the mean jaw displacements for all the vowels analyzed in this study. Higher mean values indicate a lower jaw position relative to the bite-plane. The highest mean values appear to coincide with the low front and back, tense and lax vowels /ae ɑ/. Similarly, the jaw is at its highest position (nearest the bite-plane) for the high vowels /i, u, ɪ, ʊ/. Looking at the blue bars in comparison to the green and yellow bars we also see that the mean displacement values are higher for vowels in phrase initial position when compared to the medial and final position. This is true for both lax and tense vowels. This confers the result reported in TABLE 2.
To test if the differences seen in FIGURE 1 are significant, GLM Univariate Analysis was run on the data with Jaw displacement as the dependent variable and Vowel height, Vowel tenseness and Phrase 029. Post hoc analysis using the Tukey post hoc criterion for significance indicated that the mean jaw displacement values for high vowels was significantly less (M=13.28) when compared to the mid vowels (M=15.04) which was in turn significantly less than the low vowels (M=17.32). In other words, low vowels were produced with the jaw significantly at the lowest position relative to the bite-plane and the high vowels were produced with the jaw at the significantly highest position relative to the bite-plane regardless of its position in the phrase or its tongue root advancement feature (tense/lax). Therefore, the 2mm deviation in jaw height between high and mid vowels and mid and low vowels is sufficient to affect a qualitative difference between them.
Similar post hoc analysis on Phrasal position revealed that the vowels produced in the phrase initial position had significantly larger jaw displacement (M=15.61) when compared to vowels in medial and final position. This effect was across vowel height and tongue root advancement feature. There was no significant difference in maximum jaw displacements for vowels in medial and final phrase positions (M=14.54, M=14.65 respectively). FIGURE 2 depicts profile plots of the estimated marginal means for Jaw displacement for (a) tense and (b) lax vowels. We see that in the case of tense vowels the mean jaw displacement for medial and final phrase positions is undifferentiated and significantly lower than the initial phrase position. The linear increase in jaw displacement from high vowels to low vowels is also evident in this plot. On the right, the profile plot (b) for lax vowels shows interaction effects between Vowel height and Phrase position. The low vowels in final position show the least effects of interaction. Both lax and tense vowels are produced with the largest mandible displacement when these vowels occur in phrase initial position. In general from FIGURE 2 we can conclude, a) that Vowel tenseness is a significant factor in determining jaw position but, b) it's influence is unpredictable.
CONCLUSION
This preliminary study focuses on mandibular displacement patterns of 11 English vowels produced in short 3-word sentences. The effect of vowel quality (height, tense) and phrase positioning on lower jaw displacement was systematically studied using the 3-D EMA system. Results indicate that vowel height is the most important parameter influencing mandibular displacement on the vertical axis. High vowels are produced with the jaw significantly closer to the bite plane while low vowels are produced with a relatively lower jaw position or a more open mouth. Mid vowels are produced with the jaw at an intermediate position between these two extremes. These results reveal that mandible height follows the traditional tongue height description affecting vowel quality. This finding is not totally unexpected because of the anatomical link between the tongue and the jaw. Beyond vowel height, these results also reveal that mandibular displacement is influenced by the vowel tense feature and the position of the syllable in the phrase. Surprisingly, lax vowels had significantly larger jaw displacement than tense vowels. Tense vowels are generally considered to have greater articulatory effort than lax vowels however; our data indicate that jaw deviation does not reflect the traditional idea of "effort", i.e., it does not appear to take more effort to lower the jaw further from its occlusal plane. However, how far the jaw is lowered when distinguishing tense and lax vowels is complicated by how high the vowel is on the vowel quadrilateral as well as where in the phrase the syllable occurs.
Finally, the third factor affecting mandible displacement is the position of the vocalic nucleus in the phrase. Our study found significant differences in jaw height based on phrase position. However, closer analysis revealed that syllables in phrase initial position affected jaw height more than syllables that occurred in medial and final positions. These results confer with many previous findings on phrase initial strengthening (Byrd, D. & Saltzman, E., 2003; Fougeron & Keating, 1997; Cho & Keating, 2009 ). Our results found no significant difference in mandible displacement between medial and final phrase position. As stated above the sentences were read with nuclear stress on the initial syllable. Since this study did not manipulate emphasis systematically we are not sure how much emphasis affected jaw displacement. However, these findings serve as a base for future investigation of the relation of jaw opening to syllable prominence levels within an utterance.
The data used in this study comes from a single Midwestern American English speaker and therefore these findings can be generalized only with caution. However, the low variance indicates that the speaker was consistent in her pronunciations. Further studies have to be conducted involving both male and female speakers and a larger pool of speakers.
